A great interest in the utilization of unmanned airships has grown in the past few years, due to their potential applications in surveillance, exploration and monitoring tasks. A study of two possible empennage configurations of an unmanned airship is introduced in this paper. We have developed Matlab/Simulink models to simulate their dynamic behavior and to address the closed-loop flight control problem. In this work our focus is the attenuation of airship lateral oscillations in turbulent air. For this purpose a suitable atmospheric turbulence model has been introduced into the simulations. We have found that an effective control of the airship rolling motions is achieved by using all of the empennage movable aerosurfaces. Initially we have found a set of gains according to the pole-placement method. Subsequently we have carried out the airship feedback optimal control in turbulence according to the technique known as optimal control with exponential rate of decay. = aerodynamic forces, in wind axes K = gain vector in turbulent atmosphere * Eng., PhD candidate, Department of Naval Engineering -University of Naples "Federico II", Via Claudio 21 80125 Napoli, Italy, AIAA Member.
= force components in body axes α = exponential decay rate δ a , δ e , δ r = aileron, elevator, and rudder deflection angles µ = thrust angle ∇ = airship volume φ, θ, ψ = roll, pitch, and yaw angles ρ = air density at sea level ω = turbulence circular frequency ∆D, ∆Y, ∆L = aerodynamic force variations, in wind axes, due to the control surface deflections ∆L, ∆M, ∆N = aerodynamic moment variations, in wind axes, due to the control surface deflections Φ u , Φ v , Φ w = turbulence velocity spectra Φ p , Φ q , Φ r = turbulence angular rate spectra
I. Introduction
I n the last years interest in the utilization of unmanned aerial vehicles (UAVs) has grown. The UAVs are remotely piloted or self-piloted aircraft that can carry cameras, sensors, communications equipment or other payloads. Unmanned airships are particularly suited to such applications 2, 4, 11 being noiseless, non-obtrusive, with low environmental impact, and with the capability to remain in hovering even at very low speed. Moreover, having significant flight range and endurance, they could outperform airplanes and helicopters in low-speed and low altitude applications.
In this paper we introduce a study of two configurations for a small unmanned airship named AIUX15, of 15 m in length and an envelope volume of 123 m 3 . This airship is designed for constant low altitude operations and is provided with electric engine coupled, with vectored propellers, and does not require a ballonets system. A first prototype of the AIUX15 with a three empennages configuration was built recently in order to perform initial tests on the airship trim and the stability characteristics.
In this work the flight dynamics models (FDM) of both a three empennage configuration and a more conventional four empennage configuration will be discussed and implemented, based on a six-degrees-offreedom (6DoF) mathematical model. 10, 13, 14 In all cases, the resulting system-for this type of airship-can be considered as an airframe characterized by a fixed center of gravity (CG). Given these assumptions, the developed FDM of the airship presents a body-fixed reference frame having its origin attached to the center of mass and not to the center of volume (CV), which is the standard practice with ballasted airships.
13, 14
The added mass effects are not included within the inertia of the airship but are modelled as external forces and moments occurring in accelerated flight. The effects of propulsion on aerodynamics is introduced by taking into account the increase of tail efficiency due to the propeller arrangement.
9
The main goal of this work is the achievement of a satisfying roll control system that reduces the airship high-frequency oscillatory motions and the development of a lateral-directional control system in presence of turbulence and gusts. We will introduce two different control approaches to reduce the rolling motions arising as undesired effect as a consequence of rudder deflections. These are an annoying source of trouble for the video and picture acquisition systems which represent the typical payload of this unmanned airship. A Dryden power spectral density function is used to model the atmospheric turbulence input. The control Figure 1 . The AIUX15 prototype in turbulence will be carried out according to the pole placement with noise method and according to the optimal control with exponential decay of rate technique. The selection of an optimal control design technique is due to limit the spending of energy required to move the control surfaces. In the next section the airship configurations will be presented and the two different tail arrangements introduced. The following sections will present the details of the airship dynamic model, with the descriptions of aerodynamic and propulsive submodels. The airframe aerodynamic database comes from CFD (Computational Fluid Dynamics) analyses. In particular, it is built on the basis of a number of full three-dimensional RANS (Reynolds Averaged NavierStokes) computations.
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Finally the developed feedback control algorithms both in steady 1 and in turbulent atmospheric conditions 9, 6 will be presented, comparing the results for the different control approaches.
II. The AIUX15 airship
The AIUX15 is a modern small unmanned airship developed and owned by "Airship Italia s.r.l" for research, monitoring operations and also for safety and civil protection. It has an endurance of about 2 hours, and an operational speed of about 40 km/h. This airship presents a non-rigid "envelope" filled with helium and, regarding to the usual arrangement, a "gondola" is placed under the envelope.
A picture of the first AIUX15 prototype in flight is shown in Figure 1 . It was built with an "inverted-Y" tail configuration, i.e. with three tail empennages, and was provided with a single electric engine, powered by Lithium-ion batteries, coupled with thrust vectored propellers. A scheme showing the center of gravity C G , the center of buoyancy C B and the thrust vector T is represented in Figure 2 . An engineering analysis and some preliminary tests performed on the prototype brought out the strong influence of the empennages in terms of weight and trim. In this paper we introduce a study of two possible configurations of this unmanned airship arranged with four empennages-"cross" configuration, see Figure 3 (a)-and three empennages-"inverted-Y" configuration, see Figure 3 (b). The purpose is to compare the dynamic behavior or rather the stability and control of the airship, for the two tail configurations. While the four empennages configuration represents a more conventional choice against the three empennage tail arrangement, the airship designers were more interested in the latter. The inverted Y configuration offers an improvement in terms of payload of approximately 10% with respect to the cross tail configuration applyed to the same envelope.
III. The airship flight dynamic model
The airship mathematical model is based on a 6DoF dynamic system, in which the airframe is treated as a rigid body and symmetric respect to the center-line vertical plane. The revisited FDM for this type of airship, differently from the standard practise, 10, 13, 14 presents the body-fixed reference frame having its origin attached to the CG and not to the CV. The CV is also assumed to coincide with the gross center of buoyancy (CB), i.e. point C B in Figures 2 and 3 .
The airship model incorporates the standard aerostatics and aerodynamics terms, and a special treatment of added-mass terms. The resulting 6DoF dynamic model for the airship is given by the following equation:
where the matrix dimensions are indicated for clarity. In the following development this helps to clarify the different feedback control approaches that we have experimented with.
On the left-hand side of system (1) the term M is a generalized mass matrix, and [U, V, W, p, q, r] T is the vector of state variables, i.e. the airship velocity and angular velocity components on the body axes. On the right-hand side, the term A is an aerodynamic generalized force vector depending on the velocity and on angular velocity. The quantity C is a control generalized force vector depending also on the aerosurface deflections at the tail. The term G is a generalized gravity force vector depending on the direction cosines (λ 13 , λ 23 , λ 33 ) of the body frame with respect to the inertial frame. The term F d is a dynamic-effect generalized force vector depending on (U, V, W, p, q, r). The added mass effects are not built into the mass matrix of the airship 13, 14 but are modelled as external inertial forces and moments in the vector F add . The generalized added mass force, occurring in accelerated flight, depend on the velocity and angular velocity rates (U ,V ,Ẇ ,ṗ,q,ṙ).
The available forces and the moments are calculated as:
They are referred to the wind axis system centered at the CV (point C B ). In order to evaluate the aerodynamic actions in the body fixed reference frame centered in C G (see Figure 2 ), a transport of the forces by a rotation matrix was introduced in the model. The aerodynamic database for the purpose of the airship FDM, has been collected on the basis of full three-dimensional RANS computations. This approach is considered more reliable and accurate compared to the available semi-empirical methods. 12 The CFD results have been validated by comparison with the experimental aerodynamic data of a known airship with four empennages. 3 The control coefficients have been calculated assuming as parameters the aero-surface deflections δ a and δ r . In Figures 4 and 5 are plotted the airship aerodynamic coefficient variations at different control surface deflections for both the empennage configurations, obtained by the CFD computations. They enable the calculation of the aerodynamic forces and moments variations as follows:
These are the control generalized forces that populate the column matrix C in equation (1) .
The vector P in equation (1) depends on the propulsive model. The airship propulsive system is characterized by two tilting propellers powered by an electrical engine. In the general case the thrust vector has a varying direction, always belonging to the body-fixed longitudinal plane XZ. The propulsive actions are then given by the following:
In our simulation model the propeller thrust has been assumed as a constant and held aligned with the airship longitudinal axis X, assuming a null value of the angle µ (see Figure 2 ). It has to be noted that the airship thrusters are two ducted fans mounted on the gondola. This type of propulsion system affects the aerodynamic flow in the vicinity of the airship tails. The global effect is modelled by taking into account the increase of tail efficiency. The following multiplicative factor:
has been introduced in the simulation model 9 as an enhanced tail authority factor. This means that the input variables δ a and δ r are replaced by f tail δ a and f tail δ r respectively.
The airship is assumed to be neutral buoyant and statically balanced (buoyancy equals weight). Regarding to the usual weight arrangement, the airship with the gondola under the envelope, has its center of gravity beneath the center of volume. This condition is required for the buoyant vehicles in order to ensure the static stability. The gravitational actions represented by the column matrix G in equation (1) depend on the buoyant lift magnitude B. The latter is a function of the helium purity η h and density ρ h , and of the air density ρ. The air density is assumed constant according to the low operational altitude of the airship. The expressions that give the six elements of G are the following:
Finally, on the right-hand side of equation (1) the added mass effects are modelled as external inertial forces and moments. For this type of airship the added mass effects can be reasonably approximated by considering only the envelope volume. Applying the theoretical formulas for the prolate ellipsoid, 5 it is possible to evaluate the added mass terms of the airship with respect to the CV as follows:
The added mass actions X add , Y add , . . . , N add given by (7) occurr in accelerated flight and given by a sum of terms proportional to the airship linear and angular accelerations ad angular velocities (state variables and their derivatives). The coefficientsẊU ,ŻẆ , . . . ,Ṅṗ in equations (7) are calculated on the basis of the envelope geometry and most of them are zero for axial-symmetrical bodies. The above added mass actions are referred to the CV. For the purpose of our flight dynamics model they have been transported to the CG.
IV. The atmospheric turbulence model
In this section, the atmospheric turbulence model is introduced, in terms of velocity component fluctuations superposed on a mean wind. This is a random process which describes the chaotic motion of the air. The vector of the wind velocity plus gust is used to calculate the airship air velocity affecting the aerodynamic and control actions.
The model chosen to represent the atmospheric turbulence is based on the Power Spectral Density (PSD) function (8) of Dryden. 8, 9 The Dryden Continuous Wind Turbulence Model is a spectral representation of turbulent air fluctuations that is superimposed to the airship relative wind. The form of the spectral functions are the following:
The intensity of turbulence is assumed as isotropic, having a maximum value of σ u = σ v = σ w = 7 m/s. We also assumed unitary noise seeds and b = ∇ 1/3 . The scale for the wave length of the atmospheric turbulence has been chosen according to the low altitude model.
V. The implemented 6DoF models
The full six-degrees-of-freedom models have been developed and the longitudinal and lateral-directional responses at the nominal operational speed of 40 km/h, at the sea level, have been analyzed. Both the models of the four-and the three-empennage configurations have been implemented. In Figure 6 is shown The longitudinal and the lateral static stability of an airship is ensured by the "righting moment" (in naval engineers jargon) due to the buoyant lift, modelled in the gravitational subsystem. The empennages dimensions affect the longitudinal and the lateral-directional stability and their aerodynamic actions are taken into account in the control subsystem.
At first the longitudinal and lateral-directional responses at the operational speed of 40 km/h assuming a stationary atmosphere, at the sea level have been analyzed. Then we have implemented the atmospheric turbulence model in order to evaluate the lateral-directional behavior of the airship. We have introduced in the simulation the Matlab built-in Dryden Wind Turbulence Model block that uses the Dryden spectral representation (8) to add turbulence to the aerospace model.
VI. Design of airship feedback control algorithm

A. Stationary atmosphere condition
One of the main goal of this work is the achievement of a satisfying roll control system that reduces the airship high-frequency oscillatory motions, in a stationary atmosphere. These are an annoying source of trouble for the video and picture acquisition systems, which represent the typical payload of these vehicles. For a typical configuration airship, the oscillatory rolling motions arise as undesired effect from the rudder deflections (due to the CG offset with respect to the envelope longitudinal centerline). In our analysises we have found undesired oscillatory rolling motions for both the configurations. We have developed two feedback control algorithms, regarding two different approaches. The airship lateral-directional closed-loop control, for both the tails configurations, has been carried out by acting on the rudders control only. Then we have implemented a feedback control law on both the rudders and the ailerons.
For ailerons we mean the elevators in the case of the cross configuration, when they are deflected antisymmetrically. In the case of the inverted Y configuratiuon the ailerons are the movable aerosurfaces placed on the two lower empennages (much like an inverted V-tail).
We achieve the closed-loop flight control by means of the state-space approach. The state space representation of the dynamic system is carried out by linearizing the 6DoF model around the reference equilibrium condition. Applying the small disturbance theory for airships, 13 the longitudinal and lateral equations are decoupled and written in the state space form. The state space lateral control problem is formulated for both the approaches discussed above as follows:
In the above equations we have defined the state vector as x = [v p r φ]
T . In the first approach-system (9)-we have only the rudder deflection δ r , i.e. the input vector is η = [δ r ], a 1 × 1 matrix. In the second approach-system (9)-the inputs are η = [δ a δ r ]
T . In the latter case we set the costant c = 1. These models are schematically represented in Figure 7 .
The controller gains have been determined according to the pole-placement method. The knowledge of the poles that guarantee the desired behavior of the system is linked to the design criteria of the controller, such as the overshoot and the settling time, from which the damping and the real part of the poles descend. The design criteria of the closed loop controllers have been set as: Overshoot (M o ) less than 5% and Settling Time (T s ) less than 3 s, that lead respectively to a damping coefficient of 0.7 and a pole real part of −1.94.
The feedback control laws with the controller gains obtained from the state space linear analysis (see Table 2 ) have been subsequently introduced in the simulation models to compare the closed-loop results to the open-loop responses. In order to avoid deflections at which the control surfaces do not work properly (beyond ranges), we have introduced saturations in the simulation model, imposing upper and lower limits on the input signal from the feedback control law. These limits are assumed to be −25
• and 25
• , that are the surface deflections at which the maximum absolute values of the aerodynamic coefficients are achieved. 
B. Turbulence atmosphere condition
In order to reduce the lateral-directional motions of the airship in turbulence, we have fit the two control strategies to this more realistic scenario. The pole placement method with noise 7 has been applied to the state space representation with turbulence. The following equation:
is the basis of our control strategy. Here we assume the noise coefficient matrix F as an identity matrix, while the noise vector x n represents the turbulence effect, acting as an input for the closed-loop system. A schematic diagram of the full-state feedback regulator with noise is shown in Figure 8 .
To place the closed-loop poles at desired locations while counteracting the effect of the noise, a full-state feedback regulator has been designed, based on the following control-law:
The state space representation in turbulence has been carried out also for the control approach using both rudder and ailerons:ẋ
The regulator feedback gain matrices, K and K p , are selected according to the stationary atmosphere condition (see Table 2 ), to place the closed-loop poles at desired locations. The regulator noise gain matrices, K n and K np , can be selected such that the effect of the noise vector x n on the closed-loop system is minimized. It would be ideal, for example, The ideal situation would occur when (F − BK n ) = 0.
In our analysis the control matrix B has more rows than columns and is not of full rank, then the overdetermined least squares problem (F − BK n ) = 0 does not have a unique solution. Among the possible solutions, we found the K n solution that minimize F − BK n . In this way we are always going to have some effects of noise on the closed-loop system but, according to the calculation, they are minimized. The controller gains with turbulence, evaluated for the two airship configurations, are showed in Table 3 . The airship Matlab/Simulink model with the control feedback in atmospheric turbulence (managing the above mentioned gains) is reported in Figure 9 . 
VII. Linear quadratic optimal control
Optimal control provides an alternative design strategy producing the best possible control system for a given set of performance objectives. This is done by formulating an objective function which is be minimized in the design process. In this case, we are concerned with the expenditure of the control signal energy. For vehicles with electric control system the term [u(t)]
2 represents the expenditure of battery energy and must be restricted to save the energy for long missions.
The linear quadratic regulator (LQR) is an optimal control technique that realizes the feedback control loop through the optimization of the following scalar function:
The symmetrical matrices Q and R, respectively semi-positive and positive defined, are called "weight or cost matrices". Assuming the dynamic system controllable, the gain vector is given by:
where P is the positive defined solution of the algebraical "Riccati equation":
In our particular control problem it is convenient to introduce in the cost function definition (15) an exponential decay of rate. 15 We introduce two new vectorsx = xe αt andū = ue αt -which differ from the actual x and u by the exponential term e αt -that enable to redefine the scalar function J as follows:
In this case, the plant matrix that goes into the Riccati equation (17), taking in account the exponential decay of rate α, becomes (A + αI). Similarly, K becomes K pα . In order to observe the influence of the In Figure 12 we report the Matlab/Simulink 6Dof airship model with the optimal controller in turbulence. We decided to apply the optimal control technique in turbulence to the control strategy involving both the rudders and the ailerons that, as reported in the following section, seemed to be the more suitable approach. We assumed for the purpose of the optimal control the following cost matrices, as the best trade-off of a trial and error approach: 
The resulting optimal control gain matrices are showed in Table 4 . 
VIII. Analysis of results
In this section we present the results obtained from the simulations, for all the developed analyses. In order to verify the two proposed roll control strategies at the nominal speed of 40 km/h, for each airship empennage configurations, the lateral-directional open loop responses are compared to the controlled dynamic behavior.
The first roll control strategy, using only the rudders, achieves for both the configurations a reduction of the oscillatory rolling motions. As seen in Figure 13 (a), especially for the cross configuration, the simulations denote a fairly low ailerons roll control power, as compared to the rudders control power. For the four empennage configuration the roll control power that uses the ailerons is considered to be unsatisfactory. Moreover in some conditions, even it could worsen the stability characteristics of the airship that could lead to instability of the feedback control system. This is linked to the saturation on the ailerons control law. The above is true for both the configurations-see Figure 14 (a) and Figure 14(b) .
The control strategy with ailerons, however, seems to be more suited for the three empennages configuration, for which the ailerons and the rudder roll control powers are comparable-see Figure 13 (b).
The simulation results regarding the lateral-directional control in turbulence are reported in Figure 15 (a) and Figure 15(b) , respectively, for the cross and the inverted Y configuration. The two control strategies for both the configurations reduce the oscillatory motions. The attenuation is more effective when also the ailerons are used. This control approach, however, requires high aileron deflections to be effective against airship rolling motions in turbulence.
From the applications we have found that the use of both rudder and aileron is more suitable for the purpose of the lateral-directional regulation in turbulence. We have plotted in Figures 16 and 17 the optimal control results for this strategy, assuming the exponential decay of rate α = 1.1. This particular value comes from the analysis carried out in the previous section-see Figure 10 and 11.
Finally, for both the airship configurations, we have reported in Figures 18(a) and 18(b) a comparison between the terms u T u descending from the applications of the pole placement with noise method and from the LQR with exponential decay of rate technique. As is observed, the optimal control presents a lower value of the term u T u, whose integral with respect to the time means a lower work on the control surfaces.
IX. Conclusion
In this paper we have reported about the development of the FDM model for an unmanned airship in stationary and turbulence atmosphere. This vehicle is intended for use at low altitude operations. The details of the implementation of a specific Matlab/Simulink dynamic model were also reported. This model has been applied to analyze the lateral-directional behavior at the nominal speed for two different empennages configurations. We achieved a satisfying closed-loop control system that reduces the airship oscillatory rolling motions. The simulation of flight responses to assigned conditions and inputs enabled us to compare two different control strategies regarding the use of rudders (two vertical aero-surfaces in the "cross" tail configuration and one in the "inverted-Y" tail configuration) and of the ailerons (i.e. elevators with imposed anti-symmetrical rotations, both in the "cross" and in the "inverted-Y" tail configuration). The analysis of the feedback control laws for the 6DoF model has been carried out by linearization around the operational trim conditions. We achieved the closed-loop flight control by means of the state-space approach, in order to limit the oscillatory rolling motions induced by the rudder deflections. A low ailerons roll control power, as compared to the rudders control power, resulted from our analysis, leading initially to an unsatisfactory closed-loop control, especially for the four empennages configuration.
We introduced a Dryden power spectral density function to model the atmospheric turbulence in the simulation. We achieved the closed-loop control in turbulence first by applying the pole placement with noise method. Both the control strategies for the two airship configurations reduced the oscillatory motions in turbulence. The control approach using both the rudders and the ailerons resulted quite satisfactory.
Finally we introduced the LQR optimal control technique with an exponential decay rate applied to the strategy involving both rudder and aileron. Using this method we were able to reduce the amount of control surface work to control the lateral-directional oscillations in turbulent air.
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